The use of tetramethylammonium ions (TMA + ) at moderately high concentrations of the electrolytes can increase the number of ions accumulated in pores of an activated carbon electrode and bring about high capacitance of an electric double-layer capacitor (EDLC). The solubility of tetramethylammonium difluoro(oxalato)borate (TMADFOB) in propylene carbonate (PC) was 2.0 M (M = mol dm −3 ) or more. The maximal ionic conductivity of a TMADFOB solution in PC was observed at about 1.6 M at 25°C. The increase in the concentration of the electrolyte resulted in the increase in the gravimetric capacitance. The gravimetric capacitance found for TMADFOB was slightly higher than that for triethylmethylammonium tetrafluoroborate (TEMABF 4 ).
Introduction
Considerable attention has been focused on the utilization of electric double-layer capacitors (EDLCs) for hybrid electric vehicles. Triethylmethylammonium tetrafluoroborate (TEMABF 4 ) and tetraethylammonium tetrafluoroborate (TEABF 4 ) are commonly used as the single electrolytes for the EDLCs. 1 The solubility of TEABF 4 in propylene carbonate (PC) is about 1.1 M (M = mol dm
¹3
) at 25°C, 2, 3 whereas that of TEMABF 4 is 2.22.3 M at 25°C. 2, 3 The use of the smallest quaternary ammonium ion, tetramethylammonium ion (TMA + ), can increase the number of ions accumulated in pores of an activated carbon electrode and bring about high capacitance of the EDLC. Unfortunately, the solubility of tetramethylammonium tetrafluoroborate (TMABF 4 ) in PC is as low as 0.1 M at 25°C. 2 We previously reported that the use of tetramethylammonium bis(oxalato)borate (TMABOB) 4, 5 and tetramethylammonium difluoro(oxalato)borate (TMADFOB) 6 as alternative single electrolytes increased the capacitances of EDLCs. The molar concentrations of TMABOB and TMADFOB were set to 0.9 and 1.0 M at 25°C, respectively. Tetraethylammonium difluoro-(oxalato)borate (TEADFOB) has also good solubility. 7 The maximal ionic conductivity of a TEADFOB solution in PC (14.46 mS cm
¹1
) is observed at about 1.6 M at 25°C.
Both the concentration of charge carriers and the availability of pores can be improved at moderately high concentrations of electrolytes. There are two approaches to the realization of highly concentrated and conductive solutions containing electrolytes: designs for electrolytes and solvents. We focus the present paper on the design for a single electrolyte, and we describe the electrolytic characteristics of TMADFOB for EDLCs at a high concentration of TMADFOB (1.6 M). The molar concentration of the maximal conductivity of a TMADFOB solution was as high as 1.6 M at 25°C. The molar concentrations of PC and the viscosities and ionic conductivities of the electrolytic solutions are shown as a function of temperature. Furthermore, we have evaluated the rate capabilities of coin cells.
Experimental
We have investigated the temperature (ª) dependence of mass densities (d), viscosities (©), and ionic conductivities (¬) of electrolytic solutions. The molar concentrations of TMADFOB and TEMABF 4 were set to 1.0 and 1.6 M in PC at 25°C. PC as a solvent and TEMABF 4 as a reference standard for an electrolyte were used as received (LBG and CPG of Kishida Chemical Co., Ltd.).
The apparatus and techniques for measurement are essentially the same as those previously reported. 46, 8, 9 We have evaluated the charge and discharge characteristics of EDLCs. The preparation of electrolytic solutions and the fabrication of coin cells were carried out in an argon-filled glove box system made by VAC. Activated carbon electrodes contained 82 mass% activated charcoal (average surface area 866 m 2 g ¹1 , average pore size: 2.975 nm), 9 mass% acetylene black as the conductor, and 9 mass% poly(tetrafluoroethylene) as the binder.
Results and Discussion

Mechanical properties of electrolytic solutions
An asymmetric anion, difluoro(oxalato)borate ion (DFOB ¹ ), exerted its effect on the solubility. The crystal lattice energy of a tetramethylammonium compound based on the asymmetric anion can be lower. The solubility of such a compound can be greatly increased as compared to that of TMABF 4 . The solubility of TMADFOB in PC was 2.0 M or more at 25°C. In contrast, the solubility of TMABF 4 is as low as 0.1 M at 25°C. 2 The solubility of TEABF 4 in PC is about 1.1 M at 25°C, 2, 3 whereas that of TEMABF 4 is 2.22.3 M at 25°C.
2,3 Therefore, we selected TEMABF 4 for the reference material. The maximal ionic conductivity of a TMADFOB solution in PC was observed at about 1.6 M at 25°C, as described later. We set the molar concentrations of TMADFOB and TEMABF 4 to 1.0 and 1.6 M at 25°C. 
Here the mass density of the electrolytic solution at ª is expressed by 4 increased, the concentration of PC was more greatly diminished in the electrolytic solutions, and TEMABF 4 excluded a large number of PC molecules from the electrolytic solution. The systematic decrease in the concentration of PC suggests that the structure of the solvated electrolyte ions does not change appreciably with the increase in the concentration of the electrolyte.
We assume that the van der Waals volume of a difluoro(oxalato)boate ion (DFOB ). 10 The van der Waals volumes of a tetramethylammonium ion (TMA 
Viscosities of electrolytic solutions
Viscosity is regarded as internal friction based on intermolecular forces and affects ionic conductivity of the electrolytic solution. As the molar concentration of the electrolyte increased, the viscosity of the electrolytic solutions gradually increased. Furthermore, the viscosities of the TMADFOB solutions were higher than those of the TEMABF 4 counterparts at the same concentrations. The radius of TMA + solvated by PC may be smaller than that of the solvated TEMA + . The mass of the electrolyte ion rather than the volume is a dominant factor governing the viscosities in the TMADFOB and the TEMABF 4 solutions.
Ionic conductivities of electrolytic solutions
Conductivity of a solution is a key factor governing the internal resistance and rate performance of EDLCs. Figure 2 compares (a) the temperature (ª) and (b) concentration (c QA ) dependence of ionic conductivities (¬) of electrolytic solutions in PC. The ionic conductivities increased to some extent with increasing the concentration of the electrolyte, because the number of charge carrier per unit volume increased. It should be noted that the molar concentration of the maximal conductivity of a TMADFOB solution was as high as 1.6 M at 25°C. The solubility of TMADFOB in PC was 2.0 M or more at 25°C.
The conductivities of the electrolytic solutions increased with an increase in temperature. This is because the viscosities decreased rapidly with increasing temperature, as shown in Fig. 1(b) . The ionic conductivities of the TMADFOB solutions were slightly lower than those of the TEMABF 4 counterparts at the same concentrations. The conductivities of the electrolytic solutions decreased in approximately the following descending order: 1.6 M TEMABF 4 > 1.6 M TMADFOB > 1.0 M TEMABF 4 > 1.0 M TMADFOB above 40°C, and 1.6 M TEMABF 4 > 1.0 M TEMABF 4 > 1.6 M TMADFOB µ 1.0 M TMADFOB below 15°C. These orders were not always in accord with the inverse order of the viscosities. The decrease in the conductivity of 1.6 M TMADFOB solution below 15°C can result from the high viscosity.
Rate capabilities of EDLCs
We evaluated integral full-cell capacitances per unit mass of activated carbon from discharge curves of 2025-type coin cells. 
voltage was set to 2.5 V in the charge and to 0 V in the discharge. The reciprocal of the slope of the discharge curve reflect the integral full-cell capacitance (C full,g int ). As the discharge current increased, the slopes of the discharge curves became increasingly steep, and accordingly the integral full-cell capacitances decreased. Figure 4 compares the integral full-cell capacitances and the rates of maintenance of capacitance. The integral full-cell capacitances were calculated according to C full,g int = Q/(E · 2m), where Q is the quantity of electricity obtained by the integration of the current transient during the constant-current discharge, E is the width of the cell-voltage range, and 2m is the dry mass of carbon contained in both electrodes. The rate of maintenance of capacitance is defined as the ratio of the gravimetric capacitance at 1 mA cm ¹2 (1.33 mA) to that at a given discharge rate. It is noteworthy that the retention rate of the gravimetric capacitance found for TMADFOB was comparable to that for TEMABF 4 . The increase in the concentration of the electrolyte resulted in the increase in the gravimetric capacitance. The gravimetric capacitance found for TMADFOB was slightly higher than that for TEMABF 4 . A very small distance between activated carbon electrodes in the coin cell can compensate for the lower ionic mobility of TMADFOB in the bulk of a PC solution. Furthermore, TMA + and DFOB ¹ may more closely approach the electrode in a compact double layer.
Conclusion
We have investigated the effect of the high concentration of TMADFOB on the bulk properties of the electrolytic solution and on the performance of EDLCs. The solubility of TMADFOB in PC was 2.0 M or more at 25°C. The maximal ionic conductivity of a TMADFOB solution in PC was observed at about 1.6 M at 25°C. The viscosities of the TMADFOB solutions were higher than those of the TEMABF 4 counterparts, and hence the ionic conductivities of the TMADFOB solutions were slightly lower at the same concentrations. We evaluated the rate capabilities of coin cells. The gravimetric capacitances found for TMADFOB were slightly higher than those for TEMABF 4 . It is very intriguing to investigate gravimetric capacitances of positive and negative electrodes separately from each other with a three-electrode test cell. Electrochemistry, 81(10), 811813 (2013) 
